equivalent to the Washburn equation, which has been widely used for measuring contact angles in 8 powdered solids. We examined upward infiltration of sodium dodecyl sulfate (SDS; from 0 to 700 mol 9 m -3 ) into dry materials. The new equation evaluated infiltration well. In glass beads and sand, which are 10 both hydrophilic, the infiltration rate decreased as the SDS concentration increased due to a decrease in 11 solution surface tension (from 72 to 38 mN m -1 ). Major changes in the contact angle were not observed. In 12 polyethylene particles and peat moss, which are hydrophobic organic materials, the infiltration rate 13 increased as the SDS concentration increased, mainly because of the decrease in the contact angle (from 14
>125
o to 69 o for polyethylene, from 102 o to 43 o for peat moss). In leaf mold, the infiltration rate decreased 15 as the SDS concentration increased due to the decrease in the saturated hydraulic conductivity caused by 16 swelling. SDS adsorption probably resulted in swelling. Surface tension, contact angle, and adsorption, 17 which were all affected by SDS concentration, caused the different infiltration rates. 18
Surfactants are used in detergents, shampoos, and chemical fertilizers as an anti-caking agent, in 22 agricultural chemicals as an emulsifying agent, and for other uses. Surfactants are also used for 23 remediating contaminated soil, enhancing oil recovery (West and Harwell, 1992) , and ameliorating 24 soil-water repellency (Cisar et al., 2000; Kostka, 2000) . Enormous quantities have been used, and much 25 waste material has been discharged into the environment (Lewis, 1991) . Because surfactants degenerate 26 cells (Sakashita, 1979) , they strongly affect living organisms and ecosystems (Lewis, 1991) . Their overall 27 influence on the soil environment is not fully understood. 28
Solid surface characteristics are changed when surfactants are adsorbed on solid surfaces (Koopal et 29 al., 1999) . Surfactants also decrease water surface tension. Therefore, surfactants influence water and 30 solute movement in soils. The influence of surfactant concentration on unsaturated flow caused by the 31 depression of surface tension has been reported (Karkare and Fort, 1994; Gillham, 1994, 1999 ; 32 Henry et al., 1999; Henry and Smith, 2002) . Surfactant application increases the infiltration rate into 33 hydrophobic soils consisting of sands coated with organic compounds Feng et al., 34 2002). The application of nonionic surfactant either before or with irrigation increases the dispersion of a 35 hydrophobic sandy loam (Mustafa and Letey, 1969) , and this dispersion decreases flow rates in the soil 36 (Miller et al., 1975) . Soil hydraulic conductivity decreases when sodium dodecyl sulfate (SDS) is applied 37 due to precipitation of the divalent electrolyte dodecylsulfate (Liu and Roy, 1995) . Both nonionic and 38 ionic surfactants affect hydraulic conductivity reduction in loam and sand (Allred and Brown, 1994) . Most 39 organic compounds are surface-active in aqueous solution and can reduce water surface tension (Henry 40 and Smith, 2002) , and may change the contact angle of a porous material. Surfactants are used for 41 remediation of the vadose zone or unconfined aquifers. Therefore, considering the effects of surfactants on 42 water flow is important, and these effects must be evaluated by a proper water flow equation. 43
Because the liquid-solid contact angle is an index of soil wettability, it has been measured by the 44 capillary rise method using Poiseuille's approximation (Marmur, 2003) . 143
That is, this newly derived upward infiltration equation [4] Hillel, 1980; Tabuchi, 1995 Saturated hydraulic conductivity, k, in the upward infiltration experiment was evaluated using the 158 derived value ε/k. In this calculation, porosity that was already derived was used instead of ε, assuming it 159 was almost equal to ε. 160
161

RESULTS AND DISCUSSION 162
Validity of the Upward Infiltration Equation 163
The proposed upward infiltration equation has been found to apply quite satisfactorily for cases of infiltration into initially dry coarse-textured soils 165 (Hillel, 1980) . For cases of upward infiltration into dry sand, this type of theory agrees well with the 166 experimental data collected when a saturated condition is maintained (Emerson and Bond, 1963; Tabuchi, 167 1995) . When the infiltration front rises to some extent, large pore cells will become unsaturated and small 168 pore cells will be saturated (Emerson and Bond, 1963) . Then the suction at the infiltration front, h, the 169 volumetric water content, ε, and the hydraulic conductivity, k, will change. Because we intend to apply the 170 proposed upward infiltration equation [4] to saturated infiltration, the fitted parameters h and ε/k in Eq. indicates that pore structure changes when concentration exceeds 7 mol m -3 , and that the swelling of leaf 210 mold probably affects pore structure. In fact, upward infiltration becomes considerably slower at 211 concentrations greater than 7 mol m -3 (Fig. 2(c) ). For hydrophobic materials (polyethylene particles and 212 peat moss), the calculated hydraulic conductivities fluctuate among different SDS concentrations. These 213 results probably indicate the differences in saturation and water flow path at different concentrations, 214 because infiltration into smaller pores may become difficult when the obtuse contact angle becomes larger. 215
The hydraulic conductivity and correlation ratio results show that the upward infiltration equation is 216 very appropriate for glass beads and sand. It is also appropriate for leaf mold at equal to and less than 7 217 mol m -3 , peat moss at 0 mol m -3 and 700 mol m -3 , and polyethylene particles at 700 mol m -3 . 218
Calculation of Contact Angle 220 221
The calculated advancing contact angles derived with the upward infiltration equation are listed in 222 and γ are known. h is determined by a best fit of the measured values. γ used in these calculations, along 228 with the resulting θ (shown with no parentheses or dagger), for each SDS concentration are listed in Table  229 2. For calculations using the surface tension of pure water (γ=72 mN m Table 2 . 232
When SDS is adsorbed on a material, the concentration of the infiltration front is smaller than the 233 influent concentration. The influence on γ must be considered in this case. Because SDS has a 234 hydrophobic tail, adsorption by hydrophobic interaction occurs in organic materials. Therefore, the 235 influence is considered for leaf mold, polyethylene particles, and peat moss. The influence must be 236 considered for sand because it has 0.5% organic matter. In fact, the measured heights of the infiltration 237 front for 0 mol m -3 , 3.5 mol m -3 , 7 mol m -3
, and 21 mol m -3 solutions are almost the same for sand ( Fig.  238   2(b) ). In these cases, the SDS concentration at the infiltration front was supposed to become almost 0 mol 239 m -3 , because SDS was adsorbed on sand during infiltration. Then their infiltration rates became similar. 240
For leaf mold, the measured heights of the infiltration front for 0 mol m -3 and 3.5 mol m -3 solutions are 241 almost the same (Fig. 2(c) ) due to the effect of adsorption. Therefore, γ=72 mN m -1 was also used for 242 calculating θ for 3.5 mol m -3 solution. In leaf mold for 7 mol m -3 solution, the result was the same when 243 either γ=72 mN m -1 or γ=38 mN m -1 was used, because θ was 90°. For both peat moss and polyethylene 244 particles, both surface tensions of pure SDS concentrations and γ=72 mN m -1 were used, because the 245 concentrations at the infiltration fronts were unknown. The expected contact angle ranges are listed in 246 parentheses in Table 2 The methods of contact angle calculation which use this upward infiltration equation and theadvancing contact angle of low surface tension liquid is not always 0° (Siebold, 2000) . However, these 254 methods are preferable to any technique for porous materials. (Hiemenz, 1986) . 255
Influence of Wettability on Infiltration of Pure Water and 700 mol m -3 SDS Solution 257
The measured heights of infiltration front for pure water (Fig. 3) are in the descending order of glass 258 beads > sand > leaf mold > peat moss > polyethylene particles; the smaller advancing contact angle of the 259 material, the higher is the infiltration front (Table 2 ). This result indicates that the influence of contact 260 angle or wettability is larger than the differences in average particle sizes (Table 1) Conversely, the measured heights of infiltration fronts for 700 mol m -3 SDS solution are similar for all 272 media except for leaf mold (Fig. 4) . The surfactant, which is amphipathic, decreased the contact angles for 273 the hydrophobic materials, and the contact angles became similar among the materials (Table 2) . Even 274 hydrophobic materials become wettable with surfactant. 275
The height of infiltration front in leaf mold for 700 mol m -3 SDS solution is by far the lowest due to 276 the very low level of saturated hydraulic conductivity (See the measured value in Table 3 ), which is 277 probably caused by swelling. Such structural change in the leaf mold restricted solution infiltration. 278
279
Impact of SDS Concentration 280
Effect of Surface Tension 281
For the hydrophilic materials (glass beads and sand) the heights of infiltration fronts decrease with 282 increasing SDS concentration because of the decrease in suction (Fig. 2(a), (b) ). The suction decreases 283 with the increase of SDS concentration, because the surface tension decreases with the increase in SDS 284 concentration; the relationship between suction and surface tension is given in Eq. [3] . Because the(1962) who used a wetting agent for quartz sand. However, they did not compare different concentrations 288 of wetting agent. 289
For leaf mold, the height of infiltration front also decreases with increasing SDS concentration (Fig.  290   2(c) ). The contact angle for 0 mol m -3 is 84°, slightly acute. Therefore, the decrease of surface tension with 291 the concurrent increase of SDS concentration may cause the decrease in height. However, the influence of 292 swelling is supposed to be more significant when the concentration increases. 293
For hydrophobic materials (polyethylene particles and peat moss) the heights of infiltration fronts 294 increase with increasing SDS concentration because of the increase in suction, except for 700 mol m -3 295 SDS solution (Fig. 2(d),(e) ). The suction increases with the increase in SDS concentration, because the 296 surface tension decreases with the increase in SDS concentration and cos θ is negative when θ is obtuse; 297 the relationship between suction and surface tension is given in Eq. calculated result indicates that the height increases with the decrease in surface tension. However, the 305 change in surface tension cannot completely explain the increased height; the measured increase is much 306 larger than the calculated increase. In the case of 700 mol m -3 SDS solution, the height is smaller in the 307 initial stages due to the high viscosity, as mentioned before. In the later stages, the heights of infiltration 308 fronts become highest for polyethylene particles and the second highest for peat moss, because of the 309 wettability. 310 311
Effect of Contact Angle 312
For the hydrophilic materials (glass beads and sand), the advancing contact angles differ little among 313 different SDS concentrations (see in Table 2 ). For sand, they are almost same from 0 mol m -3 to 70 mol 314 m -3
. For glass beads, there is no simple increase or decrease with increasing SDS concentration. As 315 discussed before, the contact angles are not a major cause of the decrease in height of infiltration front 316 with the increase in SDS concentration. For the leaf mold, because the contact angles are around 90° for 0 317 mol m -3 , 3.5 mol m -3 and 7 mol m -3 solutions, their influence following the change in SDS concentration is 318 also not significant. At concentrations higher than 7 mol m -3 for leaf mold, the effect of swelling is 319 supposed to be most significant, as discussed before.12 significant. The contact angles for these materials become smaller with an increase in SDS concentration, 322 which causes the increase in height of the infiltration front. The materials become wettable with increasing 323 SDS concentration, because the surfactant is amphipathic. In Fig. 6 , the measured heights of infiltration 324 fronts and those calculated with γ=38 mN m noted. The retardation of anionic surfactant from the wetting front due to adsorption in loamy sand was 340 reported by Allred and Brown (1996) . In our research, the SDS concentration of the infiltration front is 341 supposed to decrease due to adsorption on the soils, and then surface tension increases. Thus the 342 infiltration rate of the SDS solution becomes the same as that of pure water. In peat moss, the influence of 343 adsorption on the height is observed at 3.5 mol m -3 ; the height for 3.5 mol m -3 SDS solution is similar to 344 that for 0 mol m -3 SDS solution (Fig. 2(e) ). 345
In leaf mold, the saturated hydraulic conductivity decreases when the SDS solution at a higher 346 concentration infiltrates. The swelling of the material induces a decrease in hydraulic conductivity. The 347 increases in the heights of infiltration fronts for 21 mol m -3 and 70 mol m -3 SDS are restricted in the initial 348 stages, and that for 700 mol m -3 is restricted in all stages (Fig. 2(c) ). These trends are probably due to the 349 low saturated hydraulic conductivity caused by swelling. The heights for 21 mol m -3 and 70 mol m -3 SDS 350 increase at the later stage, probably because the concentrations are too low for enough adsorption to 351 generate sufficient swelling and maintain low hydraulic conductivity. The swelling mechanism for leaf 352 mold can probably be attributed to electrostatic repulsive force caused by adsorbed anionic surfactant.
Roy, 1995) caused by SDS were reported by other researchers. Liu and Roy (1995) suggested that the 356 reduction was mainly caused by the Ca surfactant precipitation. In our experiment, however, the 357 precipitation with divalent cations such as Ca did not occur because divalent cations had been removed 358 before the experiment. 359
Conversely, the measured hydraulic conductivity of peat moss for 700 mol m -3 does not become much 360 smaller than that for 0 mol m -3 , although both peat moss and leaf mold are organic soils. The expansion 361 ratios for peat moss differ little between those at 0 mol m -3 SDS and at 700 mol m -3 SDS, while those for 362 leaf mold differ quite noticeably (Table 3) in porous materials. Saturated hydraulic conductivity and the material expansion ratio were also measured 372 for the evaluation. Consequently, the infiltration could be explained well theoretically using values for 373 surface tension and contact angle, which are affected by SDS concentration. 374
In glass beads and sand, which are hydrophilic inorganic materials, the infiltration rate decreased as 375 the SDS concentration increased due to the decrease in solution surface tension. No major change in the 376 contact angle was observed. The upward infiltration equation explained this infiltration well. In 377 polyethylene particles and peat moss, which are hydrophobic organic materials, the infiltration rate 378 increased as the SDS concentration increased because of the decrease in the contact angle and surface 379 tension. 380
In leaf mold, the saturated hydraulic conductivity became much lower at higher SDS concentrations, 381 whereas in peat moss, also an organic material, such change was not observed. Their surface 382 characteristics may differ with respect to interaction with an anionic surfactant. Further investigation is 383 needed to clarify this point. 384
Because soils are diverse and complex, the influence of surfactants on infiltration may vary. 
